Two fetal globin genes ("r and 9) from one chromosome of a lowland gorilla (Gorilla gorilla gorilla) have been sequenced and compared to three human loci (a Gy-gene and two ?-alleles). A comparison of regions of local homology among these five sequences indicates that long after the duplication that produced the two nonallelic y-globin loci of catarrhine primates, about 35 million years (Myr) ago, at least one gene conversion event occurred between these loci. This conversion occurred not long before the ancestral divergence (about 6 Myr ago) of Homo and Gorilla. After this ancestral divergence, a minimum of three more gene conversion events occurred in the human lineage. Each human ?-allele shares specific sequence features with the gorilla ?-gene; one such distinctive allelic feature involves the simple repeated sequence in IVS 2. This suggests that early in the human lineage the y-genes may have undergone a crossing-over event mediated by this simple repeated sequence. The DNA sequences from coding regions of both Gr-and yloci, a comparison of 292 codons in the corresponding gorilla and human genes, show an unusually low evolutionary rate, with only two nonsilent differences and, surprisingly, not even one silent substitution. The two nonsynonymous substitutions observed predict a glycine at codon 73 and an arginine at codon 104 in the gorilla ?-sequence rather than aspartic acid and lysine, respectively, in human 9. Because only arginine has been found at position 104 in y-chains of Old World monkeys, it may represent the ancestral residue lost in gorilla and human Gy-chains and in the human y-chain. Possibly the arginine codon (AGG) was replaced by the lysine codon (AAG) in the Gy-gene of a common ancestor of Homo and GoriZZa and then was transferred to the ?-gene by subsequent conversions in the human lineage. DNA sequence conversions, similar to that attributed to the fetal y-globin genes, appear to be relatively frequent phenomena and, if widespread throughout the genome, may have profound evolutionary consequences.
Introduction
The P-globin genes of humans occur within a chromosomal region of about 50 kilobase pairs (kbp) of DNA and consist of an embryonic locus (E), two fetal loci (y), and two adult loci (6 and p), as well as a nontranscribed locus or pseudogene (wpl), with the order of these genes from 5' to 3' being E, G+y, 9, ypl, 6, fl (Fritsch et al. Material Restriction endonucleases, EC&I, BarnHI, PstI, AvaI, BgZI, BgZII, HindIII, HincII, SacI, SmaI, and XbaI were from Promega Biotec (Madison, Wis.) or Bethesda Research Laboratories (Gaithersburg, Md.) . Polynucleotide kinase, Ml 3 phage DNA, and sequencing primer were from P-L Biochemicals (Milwaukee), and bovine intestinal alkaline phosphatase was from Boehringer-Mannheim (Indianapolis). DNA polymerase large fragment and Bal 3 1 nuclease were from Bethesda Research Laboratories. Proteinase K was obtained from EM Reagents. The [u-~*P] dATP (800 Ci/mM) and [+Y-~*P] ATP (2,000-3,000 Ci/mM; 1 Ci = 3.7 X lO"Bq) and T4 ligase were from New England Nuclear (Boston). Chemicals used for Maxam and Gilbert sequencing were obtained from the recommended vendors (Maxam and Gilbert 1980) . X-ray film, X-omat AR-5 was from Kodak.
DNA Cloning and Isolation
DNA was prepared by the method of Blin and Stafford (1976) from blood from a male lowland gorilla (Gorilla gorilla gorilla) (Tomoka, who lives at the National Zoological Park in Washington, DC.) and partially digested with EcoRI. Fragments of 12-20 kbp were selected from sucrose gradients and cloned into the EcoRI "arms" of the lambda phage Charon 4A (Maniatis et al. 1978; Williams and Blattner 1979) . The resulting phage library was screened with the y-globin cDNA probe pJW15 1 (Wilson et al. 1978) . Several phage-containing y-globin genes were identified, and DNA was prepared from the clone designated GyG 1. Restriction enzyme site mapping and blot hybridization (Southern 1975 ) with the human y-globin cDNA probe (fig. 1) showed that this phage contained the complete gene of both y loci ( fig. 2 ). Various regions of the lambda insert DNA were subcloned into the plasmid pBR322 (Fritsch et al. 1980) or Ml 3 phage vectors (Messing et al. 198 1) .
DNA Sequencing
Cloning into M 13 vectors was accomplished by using specific restriction digestions of plasmid or lambda phage DNA and the appropriate vector DNA and by generating randomly terminated fragments with Ba13 1 nuclease digestion followed by blunt end ligation into the SmaI site of M 13mp9 (Messing and Vieria 1982) . Enzymatic sequencing was done as described by Sanger et al. ( 1977) . Chemical sequencing of clone G-yGl was done by end labeling the fragments obtained by enzymatic digestion of lambda DNA (20-50 pg), isolating these labeled fragments, and sequencing them as described by Maxam and Gilbert (1980) . DNA sequences were analyzed on 60-or 85-cm-long and 0.4-mm-thick gels (enzymatic reactions), or on 104-cm-long and 0.2-mm-thick water-jacketed gels (chemical reactions). Long gel plates were treated as described by Garoff and Anzorge (198 1) so that acrylamide used to form the gel matrix was bonded directly to the plate. The times employed for chemical sequencing reactions and the procedure for pouring gels followed the directions of Slightom et al. ( 1983) . Most of the gorilla sequence reported here was obtained independently by both procedures and confirmed in more than one laboratory.
Evolutionary Reconstruction: Parsimony Procedure
The main principle used in aligning the gorilla "r-and ?-sequences against each other as well as against the human sequences ("r-and the two ~-alleles) and used sparingly in the gene sequences and were placed so as to maximize the number of matching bases. This helped ensure that for each homologous region we could find the order of evolutionary branching that involved the fewest possible genetic events, that is, maximized genetic likenesses while minimizing parallel and back substitutions. Each nucleotide substitution was counted as a single event. Gaps (i.e., insertions or deletions), regardless of the number of nucleotides involved, were also counted as single events. Inversions involving double base pairs were counted as two independent events, even though we cannot exclude the possibility that they may occur by a single process. Because of the very extensive similarity among the five genes it was not necessary to weigh gaps more than nucleotide substitutions in aligning these sequences. In fact, in our alignment, no gaps were employed in any sequences at 97% of the positions (1,779 of the 1,837 positions of the full alignment shown in fig. 3 ). Nucleotide substitutions and gaps occurred at only 110 sites among the five genes.
In constructing the order of ancestral branching with the fewest events (i.e., maximum parsimony), we determined the number of nucleotide substitutions in branches of particular trees using the algorithm of Fitch ( 197 1) . For the orthologous coding regions, we included amino acid sequence data for the Old World monkeys Mahoney 1979a, 1979b; Mahoney and Nute 1980) , chimpanzee (DeJong 197 I), and orangutan (Huisman et al. 1973) , as well as the human and gorilla sequences. The parsimony procedure used for these sequences considered, in addition to the amino acid sequences, the actual nucleotide sequences when known (Moore et al. 1973; Czelusniak et al. 1982) .
Identifying Gene Conversion Regions
Our approach to the documentation of gene conversion events is to identify sequence regions that diverged much less than would be expected based on the amount of divergence of surrounding regions of the duplicated genes involved. This approach is illustrated by a simple hypothetical situation in figure 4. Because the Gy-and y-sequences are descendants of a y-globin gene which apparently duplicated in the ancestors of Old World monkeys and hominoids about 35 Myr ago, we see significant sequence divergence between the two loci. We can test whether the sequence differences are uniformly distributed throughout the genes by parsimony analysis where sequences are clustered on the basis of the number of substitutions required to generate one sequence from the other. The shortest route between two sequences corresponds to the most parsimonious solution. Therefore, for regions of the genes which have not undergone conversion, the Gy-sequences should form a distinct group from the y-sequences. However, if sequences were exchanged between the tandem loci, then the most parsimonious groupings would not distinguish 5' and 3' loci as separate groups, and instead "r-and P"y-sequences in one species would cluster in a group separately from those in another species. Both sorts of arrangements can be seen in the five y gene sequences (see fig. 3 ). By preparing parsimony trees for various regions of homology within the y-sequences, we could provide evidence for the conversion events described below (see fig. 5 ).
Results and Discussion

Restriction Enzyme Site Mapping
We have isolated the fetal globin gene region from a lowland gorilla in the recombinant Ch 4A phage clone m 1. BamHI, and Hind111 shows that it contains most of the sites found in the human y-gene clone 165.24 ). Because these two recombinants contain almost identical y-gene regions (the human clone has an extra 1. ;% c 6T 676
;TTTiT:TA:6j;A6AT6T66$TTTT6;T6A6CAAAT FIG. 4.-Hypothetical scheme for identifying multiple gene conversions. di is the distance between homologous regions related paralogously by duplication; it is the distance between regions, one from locus A and one from locus B, depicted by 0. dz is the distance between homologous regions related orthologously by speciation; it is the distance between regions, both from locus A or locus B, depicted by 0. dJ is the distance between homologous regions related by conversion 1 and depicted by 1. & is the distance between homologous regions related by conversion 2 and depicted by 1. di > dz signifies that duplication preceded speciation; di > d3 identifies gene conversion 1; dS > dz signifies that gene conversion 1 preceded speciation; dz > d.+ identifies gene conversion 2. Identification of the A gene as the converting gene in conversion 2 requires not only that A and B genes of the right-hand species diverge less from each other than each gene diverges from either A or B gene of the left-hand species (as well as from either A or B gene of the ancestral species of right-and left-hand species) but also that each gene of the right-hand species diverges less from A than from B gene of the left-hand species (as well as diverges less from A than from B gene of the ancestral species of right-and left-hand species).
The only difference noted in the EC&I fragment pattern was in the 3' region of the Gy-genes, where humans have a 1.5%kbp fragment, whereas the absence of an EcoRI site in the gorilla clone results in a larger 2.3-kbp fragment containing the 3' third exon of the Gy-gene (see figs. 1 and 2). We also found that neither of these gorilla genes contains a Hind111 site in IVS 2 which is polymorphic in the human genes (Jeffreys 1979) . In contrast, the human clone 165.24 has a Hind111 site in IVS 2 of G+y (see figs. 1 and 2).
Structural Comparison of the Gorilla and Human Fetal Globin Genes
We have obtained the nucleotide sequence for identical regions of the gorilla "r-and P"y-globin genes, starting 55 bp 5' of the expected capped nucleotide of the mRNA and extending 17 1 bp 3' of the expected poly(A) addition for a total of 1,837 bases (see fig. 3 ). For comparison, the human "r-and 9-globin genes of chromosome A and the Ay-globin gene of chromosome B are also shown in figure 3.
The 5' nontranslated regions for these gorilla and human genes show very few (table 2) whereas a replacement with alanine in the 3' gene is found in Homo and Gorilla, we conclude that this change occurred after the divergence of Pongo (about 14-18 Myr ago) but before the Homo and Gorilla branching (about 5-6 Myr ago). This replacement may have occurred before the first conversion (C,), or it may have happened afterward, but still before the separation of Homo and Gorilla. If the glycine -alanine replacement occurred before C, , the 3' boundary of C1 can be placed in exon 3 at codon position 135 or nucleotide position 1543 ( fig. 3 ), but if the replacement occurred after C, the 3' boundary can be placed at the start of the 3' untranslated region. C, is common to both humans and gorillas and is estimated to have occurred about 10 Myr ago, using the replacement rate change of 1% for every 10 Myr calculated by Efstratiadis et al. ( 1980) . No further conversions have been identified in the gorilla lineage, but three have been identified in the human lineage. Ct and Cs are estimated to have occurred about 2-3 Myr ago either in a common ancester of human chromosome types A and B or in an early version of chromosome B itself. Conversion CZ is evident in the BAY-gene from positions 90 1 to 1128 and extending into the "hot spot," and Cs is also evident in the By-gene, but from positions 42 to 777 ( fig. 3 ). C, extending over some 1,500 bp is estimated to have occurred no earlier than 1 Myr ago on human chromosome type A (Shen et al. 1981) . Its effects are evident in the A*y gene from positions 42 to 1128 with its 3' boundary being located in the hot spot region. Whereas in the case of C4 the converting sequences clearly come from the AGy gene, in each of the earlier events we have yet to establish the origin of the converting sequence. and sequence of IVS 2 for the gorilla "r-and ?-gene differ. IVS 2 is 906 bp long in gorilla Gy and 872 bp in gorilla 9. In the human genes, AGy is 886 bp long, whereas Aky is 866 bp and Bky is 876 bp . In both species this difference in length of IVS 2 is due to the presence of a simple sequence DNA region ( fig. 3 , positions 1126-l 18 1) which consists of (TG)n. The value of n ranges from 13 in human A? to 24 for gorilla Gy. Also, both gorilla y-genes are lengthened by an extra 13 bp (at positions 625-637) that are not found in any of the human genes.
The gorilla fetal globin genes both use the same terminator codon and have their poly(A) addition signal (AATAAA) located at the same position as the human genes. We assume that poly(A) for these gorilla y-gene transcripts would be added about 2 1 bp downstream from these poly(A) signal sites as is true for the human transcripts (Poon et al. 1978; Forget et al. 1979) . If so, the 3'-untranslated region would be some 90 bp for the gorilla y-gene and some 89 bp for the Gy-gene.
A Slower Evolutionary Rate for the Primate y Globin Genes
In a previous comparative restriction mapping study of the P-globin gene cluster, Barrie et al. ( 198 1) estimated that human and gorilla are about 0.9% different at the DNA level (most of the sites examined were regions of flanking or intervening sequence). According to the data in figure 3, human and gorilla Gy-sequences are about 2.1% different, whereas the gorilla y-gene differs from the human A?-and B*y-alleles by 2.3% and 2.2%, respectively. These differences are not spread randomly between the y-sequences. Instead, as can be seen in figure 3, human and gorilla y-genes share certain regions (e.g., the exons) that are almost identical, whereas other regions (in particular IVS 2) diverge significantly.
It has been argued from amino acid sequence data that hominoid (human, chimpanzee, gorilla, and orangutan) hemoglobins have accumulated fewer amino acid replacements than expected when compared to the replacement rates seen in other mammalian hemoglobins (Goodman 198 1; Goodman et al. 1983 ). The present study confirms this unusually low evolutionary rate and extends the observation to silent or synonymous substitutions in the y-coding regions as well. In the entire coding sequence of both "r-and ?-genes of the gorilla (a total of 876 bases), we detect only two substitutions in comparison with the human genes, each of which results in amino acid replacements (with the gorilla having Gly at y-codon 73 and Arg at *y-codon 104 compared to Asp and Lys, respectively, in human 9). No silent substitutions were detected in the coding sequences reported here. This finding does not conform to the "neutralist" paradigm (e.g., Li et al. 198 1; Li 1983; Kimura 1983) , which predicts that many more silent than amino acid-changing substitutions should accumulate in exons of active genes during evolution.
The separation of human and gorilla is thought to have occurred between 5 and 6 Myr ago on the basis of various interpretations of the fossil record (Johanson and White 1979; Pilbeam 1979; McHenry and Corruccini 1980; Lovejoy 198 1) and from the application of DNA hybridization data as an evolutionary clock (C. Sibley and J. Ahlquist, personal communication). It is surprising that no silent changes have accumulated in that period. Calculations based on substitution rates found for coding sequences (exons) of globin genes in human/rabbit, human/mouse, and rabbit/mouse comparisons (Efstratiadis et al. 1980 ) show a 1% change at silent sites for every 1.4 Myr. This would predict that, over the 876 bp of coding DNA in Gy-and y-genes, at least nine silent changes should have accumulated in the 220 silent sites. Thus, our data point to an unexpectedly low silent substitution rate in the coding sequences of hominoid y-globin genes. Because the number of detected substitutions is still relatively small, we cannot be sure whether this is a statistical anomaly or represents the true condition. But if the observed number of substitutions is indeed lower, then we interpret this to mean that either selection has acted throughout the coding sequences to minimize both silent and nonsilent substitutions, or else other mechanisms are operating to maintain the slower relative substitution rate in these regions of the y-genes. Because the number of silent substitutions is also much fewer than expected, we conclude that the conservation of these sequences is not necessarily related to the encoded protein product. Although this conservation might reflect selection for RNA secondary structure, we believe that a more reasonable alternative is that there has been an overall reduction in the apparent substitution rate. This could be due to a general mechanism such as enhanced DNA repair, longer generation times in primates (Goodman 1976) , or restrictions in the types of allowable substitutions as a consequence of the base composition of the region. Mammalian DNAs have fewer CG doublets than would be predicted, perhaps as a consequence of methylation of the 5' cytosine (Razin and Riggs 1980) , and, because the y-genes are relatively GC rich, they may tolerate fewer substitutions (Smithies et al. 1981) . However, we would expect that both of these mechanisms might apply to IVS and flanking region sequences as well and would not account for the disproportionately lower silent substitution rate in coding regions. Thus, such mechanisms do not specifically explain the disproportionately lower silent substitution rate in coding regions. Two other mechanisms that could account for the reduced coding region rates are (1) gene conversions confined to the coding regions, or (2) cDNA-mediated conversion events which, by definition, would involve only coding sequences. This last mechanism has recently been proposed to account for peculiarities in the evolution of various families of repeated genes and processed genes that lack introns and, often, the normally present signal sequences in adjacent DNA (Jagadeeswaran et al. 198 1; Lewin 1983) . This conversion process might result from hybridization and strand exchange with either fragments of full size y-cDNAs or conversion of a part of the cellular gene with a complete cDNA. Only with the accumulation of additional coding region sequences can these speculations be tested.
The 3' Regions of the y-Genes Have Not Been Converted Although the three exons and IVS 1 are extremely similar in sequence among the five y-genes (showing only four substitutions over 560 aligned positions), other regions are less similar. From the time of the ancestral divergence of Homo and Gorilla to the present, the fastest rates of substitution occurred in IVS 2. (The difference in substitution and gaps between orthologous human and gorilla Gy-genes in IVS 2 is 3.5% compared to 2.3% in the 3' untranslated and flanking region, 1.8% in 5' flanking region, and no differences in exons and IVS 1.) However, the largest difference between Gy-and *y-genes is not found in IVS 2 but in the 3' untranslated and flanking region which differs by an average of 13% (see table l), whereas this region of the orthologous human and gorilla Gy-and *y-genes differs by only 2.3% and 1.4%, respectively. Such a relatively large difference strongly suggests that this 3' untranslated and flanking region of the tandem y-loci has not undergone conversion, perhaps since the original duplication. At 29 of the 41 substitution sites in the 3' flanking region ( fig. 3 and table 1, positions 1577-l 837) , both of the Gy-sequences are distinct from all three ?-sequences, but within each group these positions are identical. In the 12 remaining sites, six are the same within the "r-gtoup, whereas six are identical within the G.y-group. Therefore, parsimony analysis supports joining the gorilla "r-and human Gy-genes into one branch and the gorilla y-and human ?-sequences into another.
An Ancestral Hominoid Conversion
In contrast to the 3' gene region, the remaining portions of the Gy-and ?-genes (namely, coding and IVS regions) are considerably more similar, which indicates a conversion of one locus by another and can be seen by analyzing the sequences in IVS 2. The minimum difference between human and gorilla throughout this region is 3.4%, a value obtained by comparing the Gy-sequences of each species. Yet comparison of the two most divergent sequences among the five, IVS 2 from the gorilla G,y_ and ?-genes, yields a value of only 5.1 y o-roughly one and a half times as large as the difference for this region between species and much less than the value expected if these sequences had accumulated substitutions for the full 35 Myr since the original duplication. On the basis of this similarity for the gorilla "r-and ?-genes, we conclude that long after the original duplication, but before the separation of human and gorilla, a gene conversion occurred whereby DNA from one of the two loci was replaced by sequence from the other locus. This first or earlier conversion event in the hominoid ancestor of both humans and gorillas is labeled C1 in figure 5.
In the region starting at nucleotide position 1182 (just 3' to the hot spot in IVS 2) and progressing downstream, no further conversions after C1 are evident. From position 1182 to 1450, at the 3' end of IVS 2, human y-and Gy-genes have accumulated 13 substitutions over 269 nucleotides compared to only seven substitutions between either human ?-allele and the gorilla ?-genes, and only two substitutions between human Gy and gorilla Gy (see fig. 3 ). Furthermore, in six of the 16 substitutions, all Gy-sites are alike between human and gorilla but differ from all ?-sites which, in turn, are alike between human and gorilla. There are four sites (positions 1280, 128 1, 1285, and 1286) that specifically group A? and B? together. Thus, by parsimony analysis, both Gy-sequences for this region fall into one group and all three ?-sequences into another.
Evidence for the Ci is strengthened by pairwise comparisons of the Gy-and 9-exons, either between or within species. If no conversion had occurred in the descent of gorilla Gy-and ?-sequences for the full 35 Myr since the duplication, about 28 silent substitutions would be expected between the two y-genes, using the silent substitution rate cited above. Yet, as already emphasized, no silent substitutions were found. Amino acid sequence data for other primate y-chains (table 2) also provide evidence for Cl. Both Gy-and ?-chains of human, chimpanzees, and gorillas have His at codon 77 and Thr at codon 135, whereas Old World monkeys have Asn at position 77 and Ala at position 135. One orangutan y-chain has Thr and the other Ala at position 135. This suggests that in one of the duplicated loci an Ala to Thr replacement occurred at position 135 in early hominoids before the ancestral separation of orangutan from African apes and humans, and that after the orangutan separation a gene conversion (C,) replaced the sequence encoding 135 Ala by that encoding 135 Thr in the common ancester of African apes and humans. Although the original duplication clearly preceded the ancestral divergence of Old World monkeys and the hominoids, present-day African ape and human Gy-sequences are closer to African ape and human ?-sequences than are either set of sequences to those of Old World monkeys.
Three Additional Conversions in Human y-Genes
From the differences in table 1 and parsimony analysis of substitution sites, we find evidence for three additional conversions, all within the human genes and none extending beyond the 3' end of the hot spot sequence in IVS 2. We also observe a small stretch of sequence in IVS 2, from positions 8 12 to 900, where gorilla 9-and human B?-genes are identical (see table 1). Within this region there is a 4-bp deletion (858-86 l), an inversion to TC from CT (847-848), and five point substitutions which are shared in common ( fig. 3 ). This small sequence represents DNA in the human Bky-allele, which has remained unconverted since the species diverged and which is flanked on each side by sequences that have undergone conversion. The fact that this segment of B? is unconverted is also supported by parsimony criterion, since a minimum of four additional genie events (three more substitutions at 822 and 847-848 and one 4-base deletion or insertion at 858-861) would be required if human As already noted, the coding sequences of the gorilla and human Gy-genes are identical, whereas the ?-genes differ by two substitutions resulting in an Asp to Gly change at codon 73 and an Arg to Lys change at codon 104. Because codon 104 is also Arg in two species of macaques (Macaca mulatta and M. nemestrina) and a baboon (Papio cynocephalus), whereas in human and chimpanzee it is Lys (table 2), we suggest that not only does the gorilla y-gene retain an "ancestral" feature shared with Old World monkeys but that human and chimpanzees share the derived feature and thereby a more recent common ancestor. We can more thoroughly test this possibility once nucleotide sequences are obtained from the paired y-genes of chimpanzees and other hominoids.
Clearly, gene conversions appear to be common events in the evolution of the human y genes. What is the consequence of such a process? Possibly, as noted by Dover (1982) , conversion will slow the effective evolutionary rate. As new substitutions occur in a sequence they will tend to be lost because they are likely to be converted back to the sequence of the more common allele in the species population. The faster the conversion rate, the slower the effective substitution rate.
Finally, an important consequence for the reconstruction of phylogenetic relationships has emerged from this study. Conversion between related genes in one species may result in the transfer of stretches of sequences quite different from that found in what appears to be the orthologous gene in another species. In the case of y genes our present results suggest that this problem may be less acute when Gy-sequences are compared to one another in different species than when ~-sequences are compared, perhaps because G+y is more likely to be the "donor" sequence. To see if such interpretations are warranted and to better reconstruct the history of these two nonallelic loci, we must again stress the need to sequence y-genes from additional species of higher primates.
